Staphylococcus aureus nuclease A hybrid genes, encoding proteins OmpA-nuclease, lipo-nuclease and Pinnuclease, were cloned downstream of the yeast GAL 10 inducible promoter. OmpA-nuclease and lipo-nuclease contain the mature staphylococcal nuclease sequence preceded by the Escherichia coli OmpA and lipoprotein signal sequences, respectively, whereas Pin-nuclease lacks a defined signal sequence at its amino terminus. We found that: (a) the nuclease gene products synthesized in yeast are active, but they do not affect cell growth; (6) OmpAnuclease and lipo-nuclease are partially processed and constitute approximately W 1 . 5 yo of the yeast cell protein;
Introduction
Staphylococcus aureus nuclease A (also referred to as micrococcal nuclease) is a small (149 amino acids), extracellular phosphodiesterase that hydrolyses RNA and DNA to 3'-phosphomononucleotides. The protein lacks disulphide bonds and its activity can be assayed both qualitatively and quantitatively with ease (Anfinsen et al., 1971 ; Shortle, 1983) . In addition, it has been the subject of numerous biochemical and biophysical studies including X-ray crystal analysis (Cotton et a/., 1979) . The results of these studies together with the pioneering studies of Taniuchi & Anfinsen (1971) on the intramolecular interactions that are required for nuclease activity, mean that staphylococcal nuclease can serve as a useful marker for secretory processes. The staphylococcal nuclease gene has been cloned, sequenced and subjected to extensive genetic manipulation (Shortle, 1983; Shortle & Lin, 1985) . A hybrid gene encoding the Escherichia coli OmpA signal sequence fused to the mature portion of staphylococcal nuclease has been shown to be efficiently secreted and correctly processed in E. coli (Takahara et a/., 1985) . In contrast, a nuclease lacking the amino-terminal signal sequence is not secreted from E. coli and is lethal in the presence of high concentrations of Ca2+.
In order to allow a comparative analysis of eukaryotic and prokaryotic secretion systems, we have previously expressed a hybrid prokaryotic secretory protein gene in yeast (Pines et al., 1988a) . The protein lipo-fl-lactamase contains the major E. coli lipoprotein signal sequence plus nine amino acids attached to the mature portion of P-lactamase. We found that the processed lipo-/3-lactamase accounted for 40% of the total hybrid protein.
Processing of the lipoprotein signal peptide in yeast occurred at a unique site between cysteine 21 and serine 22, one residue from the E. coli signal peptidase IJ processing site. The resulting mature lipo-P-lactamase was translocated across the cytoplasmic membrane into the yeast periplasm. These findings allowed us to construct and explore the effect of lipoprotein signal peptide mutants on secretion in yeast. We found that removal of the basic domain, or alteration of the cleavage site of the signal peptide, did not affect secretion of this heterologous protein in yeast. Removal of four hydrophobic amino acid residues from the hydrophobic domain did not affect secretion either; however, a significant stretch of hydrophobic amino acids remained intact in this case. A hydrophobic domain has been claimed to be the most important characteristic of the signal sequence that is essential for efficient secretion of (yeast) invertase in yeast (Kaiser et al., 1987; Ngsee et a/., 1989) .
The study presented here describes the expression in yeast of three staphylococcal nuclease derivatives with differing amino-terminal sequences. The distribution of the proteins and their activities in subcellular fractions of yeast is reported.
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Methods
Strains and growth conditions. The Saccharomyces cerevisiae strain DMM 1-1 5A (leu2 ura3 ade2 h i d ) has been described previously (Pines et al., 1988~) . The growth medium (SD) used in all experiments contained 0.67% (w/v) nitrogen base without amino acids and 2% (w/v) of either glucose or galactose, and was supplemented with the appropriate amino acids. Cultures were grown to stationary phase (12-24 h) in SD glucose medium at 30 "C. These cultures were then used to inoculate fresh SD media supplemented with the appropriate carbon source. E. coli strain JM109 was used for cloning using standard techniques as described by Maniatis et al. (1982) .
Construction of staphylococcal nuclease expression vectors. Nuclease expression vectors were constructed from the yeast YEp5 1 plasmid (Broach et al., 1983) into which sequences encoding hybrid nuclease proteins were ligated (Fig. 1) . The hybrid nuclease sequences were prepared from previously described plasmids encoding specific signal peptides and amino-terminal sequences which were fused to the sequence encoding the Staph. aureus nuclease A mature protein. The hybrid nuclease sequences presented in Fig. 1 were prepared as follows.
(1) pDP-omp contains the XbaI-SalI fragment of plasmid pONF1, which encodes the OmpA signal sequence, ligated to the staphylococcal nuclease mature portion (Takahara et al., 1985) . There are no linker or other sequences situated between the OmpA signal sequence and the staphylococcal nuclease mature sequence, since these were specifically removed on construction of pONFl (Takahara et al., 1985) . (2) pDPIpp contains the XbaI-BarnHI fragment from PIN-IIIC3 (Masui et al., 1983) , encoding the E. coli lipoprotein signal peptide, which we ligated to the BarnHI-Sall fragment of PIN-III-OmpA3-#98 encoding the staphylococcal nuclease mature portion (Takahara et al., 1985) . (3) pDP-pin contains the XbaI-BamHI fragment from PIN-IIIA3 (Masui et af., 1983), encoding an amino terminus without a signal peptide, which we ligated to the BarnHI-SalI fragment of PIN-111-OmpA3-#98 (Takahara et al., 1985) .
For each fragment described above, the XbaI and SalI sites were changed to Sal I and BarnHI, respectively, allowing subsequent insertion of the fragment into the Sun and BarnHI sites downstream of the GALlO promoter in YEp51.
Cell labelling and irnrnunoprecipitation. Sacch. cerevisiae DMM1-15A cells, containing the appropriate plasmid, were grown to a concentration of 4 x lo7 cells ml-I in SD galactose medium lacking methionine, and then labelled with 20 pCi (0.74 MBq) [35S]methionine ml-l for 60 min at 30 "C. The labelled cells were collected by centrifugation and either broken with glass beads for total cell extracts or subjected to subcellular fractionation. Samples were immunoprecipitated with rabbit Staph. aureus nuclease A antiserum and formaldehyde-treated Staph. aureus A Cowan cells (Kessler, 1975) and then analysed by SDS-PAGE. A Zeineh soft laser scanning densitometer (model SL-TRFF; Biomed Instruments) was used to quantify autoradiograph bands. Subcellular fractionation. Subcellular fractionation of cells was performed as previously described (Pines et al., 1988~) .
[35S]Methionine-labelled yeast cells harbouring the appropriate plasmid were washed and resuspended to a concentration of 2 x lo8 cells ml-' in 0.5 ml buffer A (1 M-sorbitol; 50 mM-Tris/HCl, pH 7.4; 2 mM-dithiothreitol; 10 mM-MgCl,, 20 mM-sodium azide; 0.5 mM-PMSF). To this, 30 pI of a 2 mg ml-' stock solution of Zymolyase-20T (Seikagaku Kogyo) was added, and the suspension was incubated at 30 "C for 30 min with gentle shaking. Formation of spheroplasts was monitored with a microscope. The spheroplasts were harvested in a bench to recover a clear supernatant. Membrane and soluble spheroplast fractions were obtained by ultracentrifugation at 1 15000 g for 90 min. Fractions were then subjected to immunoprecipitation and SDS-PAGE as described above.
Enzyme activity. Indicator plates containing toluidine blue and calf thymus DNA were used for screening transformants, according to the method of Shortle (1983) . For detection of activity on gels, samples of cellular fractions were incubated with 0-5 pg closed circular plasmid DNA (6.6 kb) in 10 mM-CaC1, and 25 mM-Tris/HCl, pH 8-7. The total volume of the reaction mixture (25 pl) was electrophoresed in a 0.7% agarose gel followed by staining with ethidium bromide. The spectrophotometric assay was performed according to the method of Cuatrecasas et al. (1967) , using either calf thymus or salmon sperm DNA. One unit of enzyme activity is defined as the amount of enzyme causing a change of 1.0 absorbance unit min-' at 260nm (in a 1 cm cuvette).
Southern blot analysis. Yeast DNA was prepared as described by Sherman et al. (1983) and transferred to nitrocellulose, as described by Southern (1979) . A 1.3 kb SalI-KpnI fragment of plasmid pHLAV (Treco et al., 1985) , containing part of the leuZgene, was nick translated and used as a probe. Hybridization was performed in 3 x SSC (1 x SSC is 0.1 5 M-NaCI, 0.01 5 M-sodium citrate), 3 x Denhardt's solution (Denhardt, 1966) and 0.5% SDS at 65 "C for 12 to 16 h. The nitrocellulose filter was then dried, and analysed by autoradiography. The plasmid copy number was estimated by the relative intensity of leu2 bands from plasmid and chromosomal origin.
centrifuge at 1000 r.p.m. for 5 min at room temperature (the Total yeast RNA isolation and R N A blot analypis. For preparation of supernatant constituted the periplasmic fraction) and resuspended in total RNA from Sacch. cerevisiae, 200 ml exponential-phase cultures 0.5 ml buffer B (50 mM-Tris/HCl, pH 7.4; 3 mM-EDTA; 0.5 mM-(2 x lo7 cells ml-I) were harvested and suspended in 2.5 ml of LETS PMSF). The spheroplasts were broken by glass beads and centrifuged buffer (0.1 M-LiC1; 0.01 M-EDTA; 0.01 M-Tris/HCl, pH 7.4; 0.2% SDS). Cells were then broken with glass beads in 3ml phenol, equilibrated with LETS buffer. LETS buffer (5 ml) was added, and the aqueous phase was extracted twice with 5 ml phenol/chloroform/ isoamyl alcohol (25 : 25 : I , by vol.) and once with chloroform. Finally, total yeast RNA was precipitated with 0.1 vol. 5 M-LiCl and 2 vols ethanol. Nick translation of DNA probes and transfer of total RNA were performed as described by Maniatis et al. (1982) . Filters were prehybridized at 42 "C for 2 to 4 h in 5 x SSC, 50% (v/v) formamide, 5 x Denhardt's solution, 0.5 mg calf thymus DNA ml-' and 0.1 % SDS.
Hybridization was performed under the same conditions, except that the concentration of calf thymus DNA was reduced to 0.1 mg ml-' and a denatured probe (2 x lo7 to 3 x lo7 c.p.m.) was included. After hybridization for 15 to 20 h, filters were washed with a solution containing 50% (v/v) formamide and 5 x SSC at 42 "C, followed by four further washes at 42 "C with a solution containing 5 mM-Tris/HCl, pH 7.0, 25 mM-NaC1, 1 mM-EDTA, and 0.1 % SDS. The dried filters were then autoradiographed. The probes used for the Northern analysis included the PIN-III-OmpA3-#98 (Takahara et al., 1985) , a BamHISalI 1.5 kb fragment and a 1 kb AmII-Hind111 fragment from the yeast actin gene (Ng & Abelson, 1980) which was used as a control.
Results
Construction of hybrid nuclease genes
The expression of Staph. aureus nuclease A derivatives in yeast was devised as a means to examine the importance of the hydrophobic domain of the signal peptide in heterologous protein secretion, to compare secretion directed by two different bacterial signal peptides and to assess the effect of the mature portion of the secreted protein on its distribution in the yeast cell. In addition, it was our initial intention to develop a selection for yeast mutants that secrete heterologous proteins more efficiently based on the expected lethality of intracellular nuclease activity .
To examine the expression of Staph. aureus nuclease A derivatives in yeast, an inducible GALlO expression system was used. Strong and sharp induction of the GALlO promoter, in this system, occurs when cultures are grown with galactose as the carbon source. Cloned staphylococcal nuclease DNA sequences were situated between the yeast GAL 10 promoter and transcription termination signals in the vector YEp51 (Broach et al., 1983) . Three hybrid genes were constructed which encode nuclease proteins with differing amino-terminal Ipp-nuclease protein sequences. The sources of the nuclease DNA sequences were plasmids pON F 1 and PIN-111-ompA3-# 98 (Takahara et al., 1985) . Amino-terminus-encoding sequences were taken from pONFl (Takahara et al., 1985) , and from the PIN-IIIC3 and PIN-IIIA3 vectors (Masui et al., 1983) . A detailed description of the construction is provided in Methods. Fig. 2 presents the partial amino acid sequences encoded by the constructed nuclease genes and shows the amino acid residues preceding the mature portion of nuclease A from Staph. aureus. In all three genes, the sequence of mature staphylococcal nuclease, starting with alanine, is identical to the unaltered mature sequence of the original protein. Lipo-nuclease contains the major E. coli lipoprotein signal peptide, plus nine amino acid residues of this protein, attached via a short linker sequence to the entire mature portion of the staphylococcal nuclease protein. This same aminoterminal sequence was previously used to direct secretion of a-lactamase in yeast (Pines et al., 1988a) . OmpAnuclease encodes the signal peptide from the E. coli protein, OmpA, which is directly attached to the mature portion of staphylococcal nuclease. In this case, there are no linker or mature OmpA sequences situated between the OmpA signal peptide and the mature staphylococcal nuclease sequence. Pin-nuclease contains 14 amino acid residues preceding the staphylococcal nuclease mature portion. This amino-terminal sequence lacks what appears to be the most important feature of the signal peptide, namely the hydrophobic domain. In fact, this stretch of amino acids does not even contain two adjacent hydrophobic amino acid residues.
Actiuity of staphylococcal nuclease in yeast cells
The constructed hybrid nuclease expression vectors pDP-lpp, pDP-omp and pDP-pin, encoding the projected proteins lipo-nuclease, Omp A-nuclease and Pin-nuclease, respectively, were used to transform the leucine-requiring yeast strain DMMl-15A. Since it was possible, and even expected (Barnes & Rine, 1985 ; Pines et al., 1988b) , that expression of a nuclease in yeast may be lethal, transformants were screened for inducible production of nuclease activity. Cell-free extracts were 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 S P M S P M S P M S P M * One unit of enzyme activity is defined as the amount of enzyme causing a change of 1.0 absorbance unit min-' at 260 nm.
prepared from cultures of transformed strains that had been grown overnight in either galactose or glucose medium, and samples of these extracts were spotted on to toluidine blue nuclease-indicator plates. All the strains obtained by transformation with any one of the nuclease expression vectors described above, grown in galactose medium, exhibited nuclease activity. In contrast, nuclease activity was not detected when these same strains were grown in glucose media or when strains harbouring control plasmids without staphylococcal sequences were examined. Even though it was obvious that substantial amounts of nuclease activity were being produced in yeast cells (Table l) , growth, under a variety of conditions, of strains harbouring any one of the constructed nuclease expression vectors was essentially the same as that of parent or control strains (data not shown). In particular, this was true for cells induced in galactose medium containing high concentrations of Ca2+, which is required for staphylococcal nuclease activity (Cuatrecasas, 1970) . Furthermore, the same results were obtained with cells treated with sublethal concentrations of the calcium ionophore A23 187 or trifluoperazine which cause entry of extracellular Ca2+ into the cell (Eilam, 1984; Halachmi and Eilam, 1989) . Staphylococcal nuclease is a relatively small protein and the mature form in its original host, Staph. aureus, consists of 149 amino acid residues. To examine the distribution of nuclease derivatives in yeast, we initially employed a simple and very sensitive method in which a supercoiled circular plasmid was treated with subcellular fractions of yeast cultures and then electrophoresed in an agarose gel. This method was devised to detect if the protein reaches the periplasm and if it is released into the culture medium because of its small size. As shown in Fig. 3 (lanes 3, 6, 9, 12) , no activity was detected in the culture medium of any of the nuclease expressing stains, Fig. 3 . Assay of nuclease activity in yeast. A closed circular supercoiled 6.6 kb plasmid (0.5pg) was treated with 1 pl of periplasmic and spheroplast fractions, and 10 pl of the culture-cell-free supernatant, for 30 min at 37 "C. The total volume of the assay mixture (25 pl) was subjected to 0.7% agarose gel electrophoresis and stained with ethidium bromide. S, spheroplast, P, periplasmic, and M, culture supernatant fractions of cells expressing nuclease. Lanes: 1-3, liponuclease ; 4-6, OmpA-nuclease; 7-9, Pin-nuclease; 10-12, lipo-& lactamase. Arrows show the position of supercoiled (bottom), linear (middle) and nicked (top) plasmid DNA. Dots show positions of fragments of A DNA digested with HindIII.
whereas substantial levels were detected in other subcellular fractions of strains harbouring the three staphylococcal nuclease plasmids as described in detail below.
From the analysis in Fig. 3 we can see already that the activity detected in strains harbouring pDP-omp and pDP-lpp is substantially higher than that in a strain harbouring pDP-pin (compare lanes 7 and 8 to lanes 1,2, 4 and 5). A quantitative comparison between the nuclease activities in induced yeast cells harbouring nuclease expression vectors is shown in Table 1 . Cell-free extracts were incubated with calf thymus DNA and the change in A?,, was followed. Strains induced with galactose harbouring either pDP-lpp or pDP-omp exhibited similar levels of nuclease activity. However, strains harbouring pDP-pin exhibited at least a tenfold lower nuclease activity than strains harbouring pDP-1 pp and pDP-omp.
To examine the distribution of staphylococcal nuclease activity in yeast subcellular compartments, ex.ponential-phase cells, harbouring plasmids pDP-lpp, pDPomp and pDP-pin, were induced in galactose medium and treated with Zymolyase 20-T to form spheroplasts which were collected and lysed, allowing fractionation of the cells into periplasmic and spheroplast fractions. Spheroplast fractions were further fractionated by ultracentrifugation into soluble cytoplasmic and membrane fractions. The results of the examination of nuclease activity by the gel assay and, quantitatively, by the spectrophotometric assay are shown in Fig. 3 and Table  1 , respectively. No activity could be detected in the periplasm of a control yeast strain (harbouring pCOPI, a lipo-a-lactamase expression vector) and extremely low activity was associated with the spheroplast (Fig. 3, lanes  10, 11) . High nuclease activity was detected in both the periplasmic and spheroplast fractions of strains expressing OmpA-nuclease and lipo-nuclease. The distribution of activity in subcellular fractions in these strains was similar, with about 35% secreted into the periplasm, 27-30% in the cytoplasm and 36-39?; associated with membranes (Table 1) . It was remarkable to find that, even though Pin-nuclease lacks a defined signal sequence and was expressed at a low level in yeast, more than 50% of the activity accumulated in the strain harbouring pDP-pin was localized to the periplasmic space. The rest of the nuclease activity was distributed between cytoplasmic and membrane fractions.
Processing and secretion of OrnpA-nuclease and liponuclease
Previous studies showed that, in E. coli, the lipoprotein signal sequence is processed by signal peptidase I1 at residue 20. In yeast this same signal sequence, when attached to P-lactamase, is processed at residue 21, one amino acid residue away from the processing site in the bacterial system (Ghrayeb & Inouye, 1983; Pines et al., 1988 b) . The OmpA signal sequence is processed in E. coli by signal peptidase I at residue 21 (Movva et al., 1980) . To examine the expression of our hybrid staphylococcal nuclease genes in yeast, exponential-phase cells, harbouring plasmids pDP-lpp, pDP-omp and pDP-pin, were induced in galactose medium and were labelled with [35S]methionine. Spheroplasts were prepared and lysed as described above, allowing fractionation of the cells into periplasmic, cytoplasmic and total membrane fractions. In order to identify nuclease cross-reacting material, samples of each fraction were immunoprecipitated with staphylococcal nuclease antiserum. As shown in Fig. 4 , two inducible protein species were detected by SDS-PAGE for both OmpA-nuclease and lipo-nuclease. These bands were absent from the analysis of the same strain grown in glucose medium or control strains harbouring plasmids that lack staphylococcal nuclease genes (data not shown). For OmpA-nuclease, the estimated sizes of these protein species coincided with the sizes of the precursor and mature forms of OmpA-nuclease, as expressed in E. coli. However, for lipo-nuclease the situation was different : although the precursor lipo-nuclease appeared to be similar for the bacterial and yeast systems, the mature form was clearly smaller in yeast and was estimated to be similar in size to the mature nuclease in Staph. aureus. Again, it is important to point out that the same lipoprotein signal sequence, when attached to p-lactamase, is processed in yeast at a site only one amino acid residue away from the processing site in E. coli. Quantification of the amounts of radioactivity in each of the bands by densitometric scanning of the autoradiograph in Fig. 4 showed that the level of processing of Omp A-nuclease and lipo-nuclease (43 and 35 %, respectively) is similar. Furthermore, similar levels of secretion of mature nuclease were observed ; approximately 35-40% of the processed protein was secreted and only small amounts of the precursor could be detected in the periplasm.
Expression of the Pin-nuclease-encoding gene
The measurements of staphylococcal nuclease activity described above prompted the question as to why strains expressing Pin-nuclease accumulate a relatively low level of enzyme activity compared to strains expressing OmpA-nuclease and lipo-nuclease. When cultures harbouring pDP-omp, pDP-lpp and pDP-pin were induced, labelled with [35S]methionine and subjected to SDS-PAGE, OmpA-nuclease and lipo-nuclease were readily detected in gel patterns of total cellular proteins, whereas Pin-nuclease was not detected.
To examine this question in more detail, Pin-nuclease expression was carefully followed and compared to OmpA-nuclease expression. We found that we were only able to identify the Pin-nuclease product in yeast extracts (Fig. 5, lane 4) following heavy labelling of cultures [ 100 pCi (3.7 MBq) ml-l] and immunoprecipitation with staphylococcal nuclease antiserum. A single product was found between the precursor (M, -18 500) and processed ( M , -17000) forms of OmpA-nuclease on 776 0. Pines and A . London Exponential-phase cultures harbouring plasmids pDP-omp and pDPpin were induced in galactose medium and labelled for 2 h with j"S1methionine. Samples of extracts prepared from the labelled cells -) and samples immunoprecipitated with antiserum to staphylococcal nuclease ( +) were then analysed by SDS-PAGE. Extracts of cells expressing OmpA-nuclease (lanes 2, 3 ) and Pin-nuclease (lanes I , 4) are presented. Arrows show the positions of the precursor (top) and mature (bottom) forms of OmpA-nuclease and the Pin-nuclease product (middle). The estimated M, values of precursor and mature OmpAnuclease are I8 500 and 17000, respectively. SDS-PAGE, as expected from the length of its sequence (Fig. 2) . Densitometric scanning of the gel in Fig. 5 (lanes  3 and 4) indicated that the level of Pin-nuclease in yeast upon induction was about tenfold lower than the expression of OmpA-nuclease. OmpA-nuclease was estimated to constitute approximately 1-0-1 -5% of total yeast cell protein under these conditions (lane 2). Thus, we may conclude that, in our experiments, differences in levels of nuclease activity in cell-free extracts correlate with the amount of the protein accumulated in yeast cells.
To examine the possible reasons for the low-level expression of Pin-nuclease we estimated (a) the copy number of pDP-pin and pDP-omp plasmids in yeast cells by Southern blot analysis (Fig. 6a) and (b) the level of Pin-nuclease and OmpA-nuclease mRN As by Northern grown in galactose medium were subjected to I % denaturing vertical agarose gel electrophoresis. RNA was transferred to nitrocellulose and probed with a 1.5 kb BarnHI-SalI fragment (from plasmid pINIIIOmpA3-# 98) which contains part of the staphylococcal nuclease gene (Takahara et al., 1985) . Lanes I , 2 and 3 contain RNA from yeast cells harbouring YEp5 I , pDP-pin and pDP-omp, respectively. (c) Total yeast RNA was transferred to nitrocellulose as in (b) and was probed with a 1 kb AruII-Hind111 fragment from the yeast actin gene (Ng & Abelson, 1980) . Gel order as in (h).
blot analysis (Fig. 6 h and 6c) . We found the plasmid copy number for both pDP-pin and pDP-omp to be 30-35 copies per cell, as estimated by the relative intensity of leu2 bands from plasmid and chromosomal origin (Fig.  6 a , lanes 2 and 3) . The level of staphylococcal nucleaseencoding mRNA (Fig. 6 b , lanes 2 and 3) was similar for cells harbouring either pDP-pin or pDP-om;) expression vectors. The level of actin mRNA was the same for the nuclease-expressing strains as for the control strain harbouring YEp51 (Fig. 6c) , showing that the RNA was extracted from equivalent amounts of cells.
Discussion
Expression of Stuph. aureus nuclease A in yeast revealed two aspects of heterologous secretion in this organism : (a) a significant portion of the processed protein is localized in the yeast periplasm and (b) only a part of the hybrid nuclease gene products are processed and secreted. We have previously found a similar pattern of expression with another prokaryotic hybrid protein, lipop-lactamase (Pines et al., 1988~) . In addition, overexpression of certain heterologous eukaryotic proteins in yeast results in partial secretion (e.g. Smith et a/., 1985) . Thus, it appears that the information for secretion, in yeast, exists within the sequence of the nuclease and lipo-P-lactamase prokaryotic hybrid proteins but is used inefficiently.
Where is the information that allows these prokaryotic proteins to be secreted? The amino-terminal signal peptide obviously contains information important for directing the protein into the eukaryotic endoplasmic reticulum and bacterial periplasm (Randall & Hardy, 1989) . In f x t , we have shown that Pin-nuclease, which lacks a defined signal sequence, is synthesized at a level tenfold lower than the nuclease derivatives with intact signal sequences, and the total amount of Pin-nuclease which reaches the periplasm is relatively low. In contrast, both OmpA-nuclease and lipo-nuclease, which contain intact signal sequences from prokaryotic proteins, are synthesized at high levels (1-0-1.50/, of total yeast cell protein) and a significant amount of their processed products is secreted into the yeast periplasm. We have previously shown that elimination of the basic domain and alteration of the cleavage domain of the prokaryotic lipo-0-lactamase signal peptide does not affect secretion of that protein in yeast, even though the secretion of the same mutant proteins in E. c d i is defective (Pines t't ul.. 1988~). Whereas with lipo-/jlactamase, short deletions and substitutions of amino acid residues from the hydrophobic domain are tolerated, we have shown here that complete elimination of the staphylococcal nuclease hydrophobic domain strongly reduces the amount of nuclease accumulated in the yeast cell and periplasm, and no processing event is detected. Thus, it appears that the hydrophobic domain of the signal peptide I S crucial for efficient secretion of these heterologous proteins in yeast. These results obtained with a heterologous protein are similar to observations of the secretion of the homologous yeast invertase, containing defective signal sequences (Kaiser etal.. 1987; Ngsee rt ul., 1989; Preuss & Botstein, 1989) . Expression of invertase derivatives with signals lacking a hydrophobic domain at the amino-terminus results in a reduction in the synthesis of protein and in the amount secreted into the periplasm (Kaiser et ul., 1987; Preuss & Botstein, 1989) . For invertase and staphylococcal nuclease, in yeast, it is possible that certain signal peptide alterations cause defects in both synthesis and secretion without affecting expression at the mRNA level. One way to explain this is to suggest an effect of the secretory apparatus on the translation of proteins that interact with it: a phenomenon that has been described in higher eukaryotes (Walter & Blobel, 198 1) . This would correlate well with the fact that, in prokaryotes, various mutations in signal peptides affect synthesis and secretion coincidentally (2.9, Pollit et al., 1986 ). An alternative explanation for our results is that the altered signal peptide of Pin-nuclease leads to the production of a less stable product. Ngsee et al. (1989) have suggested that this is also the case for certain signal peptide mutants of invertase in yeast. Although we did not observe additional low-M, Pin-nuclease bands, as Nysee et al. (1989) did with invertase, the possibility of Pin-nuclease instability cannot be ruled out.
The mature portion of the nuclease hybrid proteins contains information which is important for secretion in yeast, as indicated by the following observations. (a) The level of processing and secretion of lipo-l)-lactamase and lipo-nuclease is quantitatively different, although they have an identical signal peptide and amino-terminus ; lipo-P-lactamase in comparison to lipo-nuclease is processed more efficiently (40% versus 20%) and the mature form is secreted more efficiently (75% versus 40%). ( h ) The site of signal peptide cleavage of liponuclease and lipo-P-lactamase is different even though, as described above, the amino-terminus of both proteins is identical. Lipo-nuclease is estimated to be processed at, or close to the first alanine of mature nuclease as expressed in Staph. aureus (Figs 2 and 4), whereas we have previously shown that lipo-B-lactamase is cleaved 19 amino acid residues upstream (Pines et ul., 1988~) . (c) Pin-nuclease, which lacks a defined signal sequence and is accumulated at low levels, is nevertheless secreted in yeast, indicating that the mature protein sequence can direct secretion.
The f x t that high expression of nuclease in yeast cells is not lethal was surprising since active nuclease could be detected in both soluble and membrane fractions of yeast cells. The expression of the E. coli DNA restriction enzyme EcoRI and the E. coli double-stranded-specific ribonuclease I11 (RNAase 111) have been previously reported to be lethal in yeast (Barnes & Rine, 1985; Pines et d., 1988b) . Expression of RNAase 111, for example, caused a lo4-to 1Os-fold reduction in yeast cell viability 3 h after induction of the gene encoding its activity. Staph. aureus nuclease A has potent DNAase and RNAase activity and can readily digest double-and single-stranded yeast DNA and RNA in citro (data not shown). Furthermore, expression of staphylococcal nuclease activity in the E. coli cytoplasm has been shown to be lethal (Takahara et ul., 1985) . We suggest two possible explanations for this result. ( a ) The nuclease is inactive in ciuo. For instance, staphylococcal nuclease specifically requires Ca2+ ions for its activity and, since Succh. cererisiae maintains a low concentration of these ions in its cytosol (Halachmi & Eilam, 1989) , the enzyme may not display activity in the cell. (6) Affinity of the nuclease for the secretory apparatus may render it unable to interact with potential substrates in the cell. This would also suggest that soluble nuclease within the cell is associated with components of the secretory pathway of yeast.
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The results of this study suggest that the lower eukaryote Sacch. cereuisiae can decipher prokaryotic secretory information within the signal peptide and mature portion of staphylococcal nuclease. Whereas the general structure of the signal peptide has been conserved during evolution (basic, hydrophobic and cleavage domains), only the hydrophobic domain can be shown by mutational and deletion analysis to be crucial for secretion in yeast. In this respect, the interaction of the signal sequence with important secretory information within the mature protein sequence has still to be investigated.
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